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Abstract 
Machine tools are extremely important to stride the manufacturing sector of any country. Developing nations still rely on 
outdated machine tools. By upgrading the functionality of these machines, valuable resources can be saved. To follow up a 
sustainable approach improving machine tools’ accuracy will be accomplished without exchanging essential system components 
and only add-on components are being realised. Therefore, a two axes adaptronic compensation table is designed, manufactured 
and tested. The high precision module is integrated in a representative milling machine. Sensors of the add-on unit measure a 
significant portion of static, dynamic and kinematic inaccuracies. This data is used, with a feedback control, to compensate the 
errors by means of piezoelectric actuators. The add-on has its own control hardware and doesn’t rely on the control unit of the 
machine tool. The feasibility of concept is presented by means of direct measurements on an exemplary outdated machine tool. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. ntroduction 
Over the last decades industrial energy consumption has 
been growing sharply. Emerging economies have a significant 
contribution to this growth - solely China makes up 80 % of 
the growth in last 25 years. Even though, the energy 
efficiency has been improving steadily, the overall resource 
consumption is rising to an irresponsible level. A third of the 
worldwide energy consumption as well as of the  
CO2-Emissions can be traced back to the production industry 
[1]. Cutting machine tools play a major role in global value 
creation. Due to rising demands towards higher quality, 
quantity and energy efficiency a large number of existing 
machine tools, which do not satisfy these demands, are 
considered as outdated. Common practice to replace outdated 
machine tools by a new procurement or to exchange main 
components, a so called retrofitting, is a cost and resource 
intensive approach. The improvement potentials of outdated 
machine tools were investigated by Uhlmann and Kianinejad 
[2]. Increasing the accuracy of such outdated machine tools is 
proposed, in order to save raw material, resources and to 
enhance the flexibility in production.  
1.1. Active error compensation of machine tools 
Beyond the calibration and the application of inherent 
drives of machine tools, adaptronic components feature high 
bandwidth regarding the compensation of occurring errors [3]. 
Adaptronic systems can be specific towards the site of action 
on machine tools. As active bars act mostly at the machine 
frame to actively control dynamic stiffness, active workpiece 
holder and active tool holder are placed directly near to the 
site of action of workpiece and tool. Such active error 
compensation devices can be employed for two translational 
axes or for multiple translational and/or rotational axes [4]. 
Device developed by Aggogeri et al. [5] include the aspect of 
modularity by designing a single unit, which can be used as 
active workpiece holder as well as device mounted on spindle 
for vibration control. Fan Chen [6, 7] presented a smart way 
of orienting electromagnetic actuators to obtain two 
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translational and one rotational degree of freedom for an 
active workpiece holder.  
1.2. Control theory and error compensation 
The active position and vibration control can be achieved 
without a complete mathematical model of the structure, 
provided the sensor and actuator are collocated and the 
dynamics of the actuators and sensors can be ignored. 
Collocated systems by virtue have an alternating pole and 
zero configuration and it does not change unless the sensor 
and actuator are separated. This interlacing of the poles and 
zeros results in unconditional stability of the closed loop 
control [8]. Work done by various researchers on active 
damping with acceleration feedback with second order 
controllers can be found, and it is reported in literature by Sim 
et al. [9], Loix et al. [10], Goh et al. [11] and Hanagud et al. 
[12]. Use of second order filters as virtual passive vibration 
absorbers is demonstrated in Juang et al. [13] and Bruner et al. 
[14]. The positive position feedback (PPF) strategy was 
proposed by Caughey et al. [15] and [16] for space structures. 
The above mentioned methods are all based on graphical 
manipulation of transfer function and it can also be said that 
the design process for most of the methods do not require 
complete knowledge of transfer function; such methods are 
often called ‘classical methods’. For multiple input multiple 
output (MIMO) plants, classical methods can be used if the 
plants are essentially diagonal. The design approaches based 
on state-space modelling are called as ‘modern control’ and 
were introduced for MIMO plants. The modern control 
approach is fundamentally based on time-domain. ࣢ஶ robust 
controls offer the best of both the worlds, i.e. they offer the 
graphical manipulation of transfer functions (singular values) 
and analytical solutions to design the control. With the rising 
complexity in placement of actuator and sensors in the 
structure, ࣢ஶ  control systems got popular and applied by 
many [5, 17]. 
2. Concept 
2.1. Requirements 
The accuracy increasing device provides compensation in 
two planar perpendicular axes. By providing compensation 
only in two planar directions, a considerable share of errors 
can be compensated. The evaluation of identified weak spots 
and requirement analysis yielded specific values of 
parameters like, necessary actuator force, structure stiffness, 
required accuracy, working frequency range and device size. 
To evaluate the working accuracy of exemplary machine tool 
(Deckel FP4NC milling machine), a test workpiece has been 
machined according to ISO 230-2. Positioning deviation up to 
50 µm has been recorded [2]. To compensate these deviations 
along with stochastic errors, the compensation table should 
have a stroke of over 50 µm. The structural stiffness of add-on 
must not considerably decrease the machine tools’ stiffness. 
Therefore all axes, which are not controlled, should meet a 
minimum stiffness of 100 N/µm. The necessary actuator force 
depends on the maximum occurring cutting force in process. 
The evaluation of the cutting force was calculated by KIENZLE 
approach to consider various cutting conditions, tools and 
materials. The required frequency range should cover the 
range of excitation frequency of the cutting process. For a tool 
with four cutting edges and a rotational speed of 4500 rpm a 
frequency range up to 300 Hz should be considered. To allow 
wet cutting sufficient sealing of add-on is required. Table 1 
lists the requirements which are used while designing. 
Table 1. Requirements list 
Type Requirements Descriptions Unit Value 
Mechanic Cutting force Maximum permissible 
cutting force FP 
kN ± 4 
Stiffness Out of plane stiffness 
(open loop) ݇௭ 
N/μm > 100 
In plane stiffness (open 
loop) ݇௫ǡ ݇௬ 
N/μm > 50 
Kinematic Two translational 
degree of freedom 
μm > 50 
Dynamic Effective bandwidth Hz 0 – 300 
Maximum workpiece 
weight 
kg 50 
Size Working 
space 
Working space mm 500 ൈ 
500 ൈ50 
Electronic Measurement 
system 
Measurement range/ 
resolution 
μm > 200 / < 
0,1 
Cost Cost Estimated maximum 
cost of add-on accuracy 
increasing system 
€ 15,000 
Efficiency Energy 
consumption 
Maximum power 
demand 
kW 0.3 
2.2. Solution and results 
In order to satisfy speed of actuation, frequency range, 
range of displacement and the required force, piezoelectric 
actuators are preferred in comparison to hydraulic and electro-
magnetic actuators. Moreover, piezoelectric actuators are 
compact. The developed concept allows for compensation in 
two axes, which are monolithically connected in parallel and 
provide high accuracy and stiffness (Figure 1). The compliant 
joints are designed in order to overcome problem of stick-slip 
and backlash. To avoid cross coupling between the axes, an 
isolation mechanism is arranged between platform and frame. 
Therefore, the kinematic set up consists of four joint systems, 
which act for small displacements as a parallel guidance 
(Figure 1c).  
During the designing process several hinges (such as 
circular, elliptical and rectangular) and hinge arrangements, 
joints are evaluated to reduce cross coupling between axes 
and stress as well as to modulate the required forces for the x- 
and y-axis. The monolithic structure is made out of aluminum 
AW 7075, as this alloy provide a high ratio of high yield 
strength and low Young’s modulus. To avoid tensile force on 
the piezoactuators during dynamic operation, the actuators are 
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prestressed by springs. Additionally, prestressing of the 
platform allows the returning motion of the platform towards 
the actuators. 
The coupling point between the plunger of the actuator and 
the contact piece is designed as spherical-shell-arrangement to 
compensate bending moments and simultaneously increase 
stiffness in longitudinal direction of the actuators (Figure 1a)). 
Moreover, this arrangement lowers the stress at the coupling 
point and avoids the reduction of the overall stiffness. For 
feedback control, two capacitive sensors are used to measure 
the relative displacement between platform and frame for x- 
and y-axis respectively. 
 
 
Fig. 1. Concept overview of monolithic table design (shown y-axis) 
The control design not only focuses on positioning 
accuracy but also on reducing the actuator usage, significantly 
reducing the energy requirement of the compensation device. 
2.3. Simulation and modeling 
Structural design optimization has been carried out in order 
to reduce cross coupling, stress and increase out-of-plane 
stiffness. Therefore, a parametric model was set up and 
coupled to FEM software, which allows to adjust model 
parameter of CAD models via “Multi Objective Genetic 
Algorithm” and to evolve the design towards the most 
optimum possible.       
 
 
Fig. 2. Systematic approach of design and optimization of flexible hinges 
An analysis of correlation yield strong impact of input 
parameter (thickness of hinge) to target values (stiffness). 
This correlation analysis enables a screening of necessary 
parameters to reduce the optimization problem. The analysis 
of the static behaviour is followed by a dynamic evaluation of 
the optimal static model and is compared to demands defined 
in requirements list. This iterative approach leads to the final 
model of the compensation table (Figure 2). 
2.4. Design 
Based on previously described development of the two 
axes table, the active compensation table is set up (Figure 3). 
It consists of a moveable platform, which is displaced with 
respect to a fixed frame by two identical actuators. Two 
capacitive sensors measure the displacement with high 
resolution. To press the actuators against the platform, fine 
thread bolts are mounted in the frame. Prestressing of actuator 
and platform is likewise carried out with a fine thread bolt and 
disk springs. Onto the platform a clamping plate with 
threaded holes in rectangular pattern is mounted to fix the 
workpiece. This clamping plate seals the active compensation 
unit via a rectangular rubber seal on the top side. For actuator 
and sensor cables a cable bushing is placed into the frame of 
the compensation unit. The active compensation unit is fixed 
via bolts on the machine tool table. 
 
 
Fig. 3. Sectional view of the adaptronic accuracy increasing system 
3. Control design 
In order to achieve desired positioning accuracy of the add-on 
table, a controller is designed with two fold purposes, namely- 
quasi-static positioning (tracking) and dynamic compensation 
of finite elasticity of the machine tool structure. An ऒஶ 
robust control is employed, by considering two inputs and two 
outputs. The plant to be controlled G  is modelled between 
input voltage u applied to the piezo-actuators and 
displacement y measured by the capacitive sensors. The 
system identification is carried out by setting up a linear least 
squares problem, known as polyreference least squares 
complex frequency (p-LSCF) [18, 19]. This method can 
model the multi-input multi-output (MIMO) plant in one step 
and due to stochastic modelling, it delivers better results as 
compared to deterministic methods [20, 21].  
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Fig. 4. Control schematic of the add-on accuracy increasing system
A look-up table is constructed by kinematic measurements 
performed earlier on the machine tool. The look-up table is 
motivated by the work earlier presented by Kianinejad et al. 
[2]. These errors are formulated as function of position x and 
velocity xሶ  of the feed drive. The tracking reference r is then 
calculated from this look up table by signal captured from 
machine positioning system x(t). The generated reference 
signal r is then fed to the control of the xy-table for tracking. 
Schematic of the controller is shown in Figure 4. 
The design of ࣢ஶ  controller is based on the open-loop 
shaping method proposed by Glover and McFarlane [22]. The 
control illustrated in Figure 4 is also known as two-degrees-
of-freedom control. The open loop singular values of the plant 
are shaped as desired by a pre-compensator Wp. The resulting 
shaped plant Gs = GWp  is then robustly stabilized by a 
positive feedback stabilizing controller Ks. Such a controller 
will be able to meet robust stability requirements and low 
frequency disturbances rejection capabilities. However, an 
additional prefilter part of controller Kr  is introduced to 
enhance the tracking performance of the controller. Such a 
two-degrees-of-freedom control is expected to have better 
tracking performance along with low frequency disturbance 
rejection as compared to controller made up of only pre-
compensator Wp  and the associated stabilizing controller Ks 
[23]. 
4. Results 
Figure 5 shows the manufactured compensation table with the 
top clamping plate removed. The machining of the flexible 
hinges has been carried out by wire electrical discharge 
machining (EDM). Compensation table is mounted on the 
Deckel FP4NC and the designed control is tested for linear 
positioning of the two axes. The accuracy of the table is 
measured by laser interferometer. 
 
 
Fig. 5. Assembled add-on accuracy increasing table 
Figure 6 compares the positioning accuracy in x axis of the 
Deckel FP4NC with and without add-on accuracy increasing 
system and that of DMU 50.  
 
Fig. 6. Comparison of positioning accuracy (x-axis) 
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It can be clearly seen that the compensation table is able to 
provide the required quasi static compensation. In this case, 
the accuracy is even found to be better than the newer 
DMU 50. The maximum possible stroke of the stage is 
measured to be 55 µm as a result optimal compensation 
cannot be provided above this limit. The maximum stroke of 
the stage is limited by the unidirectional voltage amplifier, 
however by using bidirectional amplifier the stroke is 
expected to increase by further 10 µm. It is seen that after a 
motion of 350 mm the error starts to rise beyond 50 µm and 
the error after compensation also increases. Since the 
reference signal is generated by look-up table, any non-
repeatable error cannot be directly compensated by such 
method. The standard deviation of the measured error around 
100 mm was found to be more as compared to other locations, 
as a result a slightly low positioning accuracy is observed 
around 100 mm. 
5. Summary and outlook 
This article presents a method to flexibly upgrade the 
outdated machine tools by using add-ons and to promote 
sustainability. In this context, a high precision, accuracy 
increasing compensation table including an external control 
system was developed. The quasi static accuracy tests for 
compensation table and control system were carried out and 
the feasibility of concept was verified. As verified by the 
positioning measurements described in section 4 outdated 
machine tools’ accuracy can be upgraded with lesser use of 
resources in terms of material and costs.  
Further tests under machining conditions are subject of 
future investigations. Extension of degree of freedom of the 
compensation unit as well as an additional efficiency 
increasing add-on system is also planned as a part of future 
research. Moreover, the assessment of sustainability with 
respect to economical, ecological and social aspects will be 
carried out via life cycle assessment (LCA). 
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